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(54) Multi-layer dual-polarity light modulating sheet 



(57) A ligtit modulating, electrically responsive 
sheet (10) having a transparent substrate (30); a trans- 
parent, electrically conductive layer (22) formed over the 
transparent substrate; and a plurality of light modulating, 
electrically responsive layers (34,36), each formed of 
polymer with a dispersion of cholesteric liquid crystal 



material (12) controllable between a first, light reflecting 
state and a second transparent state formed over at 
least a portion of the transparent, electrically conductive 
layer and each layer being operative in a different state 
so as to be able to transmit or reflect light (52,54) in re- 
sponse to differently applied electric fields.. 
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(54) Multi-layer dual-polarity light modulating sheet 



(57) A light modulating, electrically responsive 
sheet having a transparent substrate; a transparent, 
electrically conductive layerformed overthe transparent 
substrate; and a plurality of light modulating, electrically 
responsive layers, each formed of polymer with a dis- 
persion of cholesteric liquid crystal material controllable 



between a first, light reflecting state and a second trans- 
parent state formed over at least a portion of the trans- 
parent, electrically conductive layer and each layer be- 
ing operative in a different state so as to be able to trans- 
mit or reflect light in response to differently applied elec- 
tric fields.. 
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Description 

[0001] The present invention reiates to image dis- 
plays which can selecBvely transmit or reflect light 
[0002] Cun-ently, information is displayed using as- 
sembled sheets of paper carrying permanent inks or dis- 
played on electronically modulated surfaces such as 
cathode ray displays or liquid crystal displays. Other 
sheet materials can cany magnetically writable areas to 
carry ticketing or financial information, however magnet- 
ically written data is not visible. 
[0003] A structure is disclosed in PCT/WO 97/04398, 
entitled "Electronic Book With Multiple Display Pages" 
which is a thorough recitation of the art of thin, electron- 
ically written display technologies. Disclosed is the as- 
sembling of multiple display sheets that are bound into 
a "book", each sheet provided with means to individually 
address each page. The patent recites prior art in form- 
ing thin, electronically written pages, including flexible 
sheets, image modulating material formed from a bi-sta- 
ble liquid crystal system, and thin metallic conductor 
lines on each page. Various ways are disclosed to pro- 
duce said conductor lines including photolithography, 
but not selective exposure and photographic develop- 
ment of traces from a photosensitive emulsion. One dis- 
advantage of this structure is that individual pages are 
bound together and that many multi-layer conductors 
must pass across the pages to interconnect at the spine 
of the book. 

[0004] Fabrication of flexible, electronically written 
display sheets are disclosed in US-A-4,435,047. A first 
sheet has transparent ITO conductive areas and a sec- 
ond sheet has electrically conductive inks printed on dis- 
play areas. The sheets can be glass, but in practice have 
been formed of Mylar polyester. A dispersion of liquid 
crystal material in a binder is coated on the first sheet, 
and the second sheet is bonded to the liquid crystal ma- 
terial. Electrical potential applied to opposing conduc- 
tive areas operate on the liquid crystal material to ex- 
pose display areas. The display ceases to present an 
image when de-energized. 

[0005] US-A-5,437,811 discloses a light modulating 
cell having liquid crystal and polymer with the chiral 
nematic liquid crystal. The chiral nematic liquid crystal 
has the property of being driven between a planar state 
reflecting a specific visible wavelength of light and a light 
scattering focal-conic state. The stmcture has the ca- 
pacity of maintaining one of the given states in the ab- 
sence of an electric field. 

[0006] Much of the prior art requires multiple, sepa- 
rate layers to build electrical conductors for a display. 
Electrical traces and transparent conductive layers are 
typically formed through repeated vacuum deposition 
and photolithography of materials on the substrate. 
These processes are expensive and require long 
processing times on capital intensive equipment. 
[0007] US-A-5,223.959 discloses a plurality of poly- 
mer dispersed liquid crystal material, each having a dif- 



ferent dye material of red, green or blue dye material. 
Differing electrical signals to common electrodes oper- 
ate on each of the materials to control the state of each 
type of dyed liquid crystal material. The patent requires 
5 the use of conventional nematic liquid crystals with a dye 
to absorb light. The droplets are chemically treated to 
be stable in either a clear or a light absorbing state. The 
invention also requires materials having different re- 
sponse times to electrical signals. The device must be 
10 continually driven so thatthe human eye perceives com- 
plementary colors. This arrangement has the disadvan- 
tage of requiring continuous, high speed electrical drive 
because the materials do not maintain their state. The 
material must be driven to achieve a neutral color den- 
's sity. 

[0008] In the case of electronic display means, power 
must be provided to view images. Printed sheets receive 
ink and cannot be rewritten, in the case of magnetically 
written media such as magnetic areas on the back of 
20 credit cards, the information is not readable. 

[0009] Accordingly, it is an object of the present inven- 
tion to provide a display apparatus which does not re- 
quire the use of dyes and makes use of a different optical 
mechanism. 

25 [001 0] Another object is to provide a color display per- 
mitting continuous, full color image that are stable in a 
zero-field condition. 

[0011] Another object is to provide a display that can 
be re-written using electronic means. 
30 [0012] Yet another objective is to improve optical 
properties of a display by using a single field to operate 
on a plurality of liquid crystal chemisfries. 
[001 3] These objects are achieved in a light modulat- 
ing, electrically responsive sheet comprising: 

35 

(a) a transparent substrate; 

(b) a transparent, electrically conductive layer 
formed over the transparent substrate; and 

(c) a plurality of light modulating, electtically respon- 
se sive layers, each formed of polymer with a disper- 
sion of choiesteric liquid crystal material controlla- 
ble between a first, light reflecting state and a sec- 
ond transparent state formed over at least a portion 
of the transparent, electrically conductive layer and 

4S each layer being operative in a different state so as 
to be able to transmit or reflect light in response to 
differently applied electric fields.. 

[001 4] Displays made in accordance with the present 
50 invention can be used to provide a rewritable image dis- 
play sheet. The present invention uses a plurality of lay- 
ers of choiesteric liquid crystal materials effective in at 
least two states, a reflective state and a transmissive 
state. This invention permits the use of light modulating, 
55 electrically responsive sheets with improved reflective 
efficiency This invention permits the sheetto be electri- 
cally driven and to have a high light reflectivity. The 
sheet can be fonmed using inexpensive, efficient photo- 
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graphic coating methods. A single large volume of sheet 
material can be coated and formed into various types of 
sheets and cards. Displays in the form of sheets in ac- 
cordance with the present invention are inexpensive, 
simple and fabricated using low-cost processes. 

FIG. 1 a is a sectional view of a sheet having multi- 
layer coating of liquid crystal in accordance with the 
present Invention; 

FIG. 1b is a sectional view of the sheet in FIG. 3a 

having a conductive overcoat; 

FIG. 1cls a sectional view of the sheet of FIG. 3B 

having a scribed pattern in the conductive overcoat; 

FIG. 2A is a view of the optical characteristics of a 

chiral nematic material in a planar state reflecting 

light; 

FIG. 2B is a view of the optical characteristics of a 
chiral nematic material in a focal-conic light diffus- 
ing state; 

FIG. 3A is an isometric view of a sheet in accord- 
ance with the present embodiment; and 
FIG. 3B is a side sectional view of the sheet of FIG. 
3A. 

[001 5] FIG. 1 A depicts a sectional view of a sheet 1 0 
used In the inventton. The sheet 1 0 Includes a substrate 
30. Substrate 30 can be made of a transparent polymer- 
ic material, such as Kodak Estar film base formed of pol- 
yester plastic, and have a thickness of between 20 and 
200 microns. For example, substrate 30 can be a 80 mi- 
cron thick sheet of polyester. Other polymers, such as 
transparent polycarbonate, can also be used. An opti- 
cally transparent, electrically conductive layer 32 is 
formed over the substrate 30. The transparent, electri- 
cally conductive layer 32 can be formed of tin-oxide or 
Indium-Tm-Oxide (ITO), with ITO being the preferred 
material. Typically, the transparent, electrically conduc- 
tive layer 32 is sputtered onto the substrate 30 to a re- 
sistance of less than 250 ohms per square. 
[001 6] Multiple coatings of polymeric dispersed liquid 
crystal material are deposited over transparent, electri- 
cally conductive layer 32. The liquid crystal materials are 
chiral doped nematic liquid crystal also known as chol- 
esteric liquid crystals. These types of liquid crystal mol- 
ecules align in a first planar structure and chirality of the 
molecules is set to reflect a wavelength of visible light. 
These liquid crystals are capable of being dispersed in 
selected polymers. 

[0017] FIG. 2A and FIG. 28 show two states of chol- 
esteric liquid crystals. In FIG. 2A, molecules are oriented 
to be planar liquid crystals 13. A high voltage that is 
switched to zero potential will align the molecules in this 
configuration. Incident light 16 can consist of red, green 
and blue fractions of light, each having either a right 
handed or left handed polarity. The pitch of the mole- 
cules can be adjusted to create a Bragg diffraction of 
reflected light 1 8 comprised of light of a given cotor and 
polarity. 



[0018] Application of lower voltage field causes mol- 
ecules of the chiral nematic material to break into tilted 
ceils that are known as the focal conic liquid crystals 13 
as shown in FIG. 28. The lower voltage field progres- 

5 sively drives the molecules of the cholesteric material 
towards a transparent state. A light absorber 20 can be 
positioned on one the side opposing the incident light. 
As a result, a viewer perceives a green light that transi- 
tions to black as the cholesteric material changes from 

10 a planar to a fully evolved focal-conic state. The transi- 
tion to the light transmitting state is progressive, and var- 
ying the low voltage time permits a variable level of re- 
flection. These variable levels can be mapped outto cor- 
responding gray levels, and when the field is removed, 

15 the cholesteric liquid crystal maintains a given optical 
state indefinitely. The states are more fully discussed in 
US-A-5,437,811. 

[001 9] If light absorber 20 is not used, the cholesteric 
material acts a s a filter for transmitted light, removing 

2o a given wavelength of light from incident light 16, and 
transmitting the remaining light Multiple sheets 10 with- 
out light absorber 20 can be stacked to form a full color 
display. Such a structures, and another method for gen- 
erating gray levels in cholesteric liquid crystals is dis- 

25 closed in Hashimoto and others, "Reflective Color Dis- 
play Using Cholesteric Liquid Crystals", SID 98 Digest, 
Article 31.1, 1998, pp. 897-900. 
[0020] In the paper, a first high-voltage pulse clears 
all pixels, and a second, lower voltage pulse puts the 

30 liquid crystal molecules in the focal-conic scattering 
mode. The pulse time of a third, intermediate voltage 
pulse returns the liquid crystal material to different de- 
grees of reflectivity based on the time of the third voltage 
pulse. 

35 [0021] Chiral nematic materials are superior to un- 
doped nematic crystals having incorporated dichroic 
dyes because chiral doped nematic material maintain a 
given state between reflective to transparent when the 
electrical drive field is removed. However, in a single lay- 

40 er configuration, they operate on light having only one 
polarity. Returning to FIG. 1A, a left-handed cholesteric 
material 34 in a polymeric binder is coated over trans- 
parent, electrically conductive layer 32. The left-handed 
pitch is tuned to reflect light having a wavelength of 

45 about 550 nanometers, and reflects green light having 
a right handed polarization. 

[0022] In the current invention, a second coating of 
polymer dispersed right-handed cholesteric 36 is de- 
posited over the polymer dispersed left-handed choles- 

50 teric 34 to improve the light reflectivity of sheet 10. Be- 
cause each layer is polymerically dispersed, multiple 
layers having separable polar reflectivity can be incor- 
porated into a multilayer coating sharing a common 
drive field. The multi-coated structure will have im- 

55 proved reflectivity over a single coating of material with 
only a single polarity of equivalent thickness. 
[0023] Left handed cholesteric 34 and right handed 
cholesteric 36 are dispersed in a polymeric binder such 



as a UV curable polymer, an epoxy, polyvinyl alcohol 
(PVA) or in this invention de-ionized photographic. The 
binder content can be between 5% and 30%. Com- 
pounds such as gelatin and PVA are machine coatable 
on equipment associated with photographic films. It is 5 
important that the binder have a low ionic content. The 
presence of ions in such a binder hinders the develop- 
ment of an electrical field across the dispersed liquid 
crystal material. De-ionlzed photographic gelatin is re- 
quired to reduce the iOonic content of gelatin to operable io 
levels, ions in the binder can migrate in the presence of 
an electrical field, chemically damaging the left handed 
cholesteric 34 and right handed cholesteric 36. 
[0024] In FIG. IB, a second conductive coating 40 is 
formed over right handed cholesteric 36. Other com- '5 
monly used materials and processes can be used to pro- 
vide a vacuum deposited coat to second conductive 
coating 40. In a vacuum environment, materials such as 
Aluminum, Tin, Silver, Platinum, carbon. Tungsten, Mo- 
lybdenum, Tin or Indium can be used. Oxides of said 2° 
metals can be used to darken second conductive coat- 
ing 40. The metal material can be excited by energy from 
resistance heating, cathodic arc, electron beam, sput- 
tering or magnetron excitation. Use of Tin-Oxide or In- 
dium-Tin Oxide in the coating pennits coatings of sec- 25 
ond conductive coating 40 that are also transparent. An 
ITO coating can be generated over sputtered over right 
handed cholesteric 36 that has less than 250 ohms per 
square of resistance and high light transmission. Alter- 
natively, a light sensitive, metal forming layer can be 30 
used to create to second conductive coating 40. Such 
a material can be a silver halide coating that is light pat- 
terned and developed with nucleated silver ions to cre- 
ate a light absorbing, electrically conductive layer. 
[0025] FIG. 1 C is a sectional view through the sheet as 
10 after laser processing. The effective sheet conduc- 
tivity of the conductive areas 42 is less than 250 ohms 
per square. Conductive areas 42 appear black, having 
an optical density of greater than 2.0 D. Nominally con- 
ductive metal in non-conductive areas 44 has been re- 40 
moved using a Ytterium-Aluminum Garnet (YAG) laser 
to create non-conductive areas 44 that define the extent 
of conductive areas 42. Non-conductive areas 44 are 
typically gaps approximately 2-5 microns wide that sep- 
arate conductive areas 42. The YAG laser can generate « 
patterns in second conductive coating 40 for both 
opaque and transmissive coatings of materials. 
[0026] The transparent, electrically conductive layer 
32 provides a continuous electrode across both left 
handed cholesteric 34 and right handed cholesteric 36. so 
An electrical field across second conductive areas 42 
and transparent, electrically conductive layer 32 will op- 
erate on both left handed cholesteric 34 and right hand- 
ed cholesteric 36 to permit selective reflection or trans- 
mission of light in conductive areas 42. ss 
[0027] Again in FIG. 1C, incident light 16 passes 
through transparent substrate 30 and transparent, elec- 
trically conductive layer 32. In the diagram, both left- 



handed cholesteric 34 and right-handed cholesteric 36 
have been written into the reflective, planar state. When 
incident light 1 6 passes through left handed cholesteric 
34, left handed light is reflected from left handed chol- 
esteric 34 as left handed reflective light 52. Incident light 
16, minus left handed reflected light 52, then passes 
through right-handed cholesteric 36. When incident light 
16 passes through right handed cholesteric 36, right 
handed light is reflected from right handed cholesteric 
3iS as right handed reflective light 54. The combined re- 
flectivity of left handed reflected light 52 and right hand- 
ed reflected light 54 will be significantly greater reflected 
light intensity than that of a single layer of equivalent 
thickness of a cholesteric material having a single po- 
larity. The two layer stnjcture share a common field be- 
tween conductive areas 42 and transparent, electrically 
conductive layer 32. When the materials are fully driven 
into the focal-conic state, all wavelengths of light can 
pass through sheet 10. If conductive areas 42 are ab- 
sorptive, then incident light 16 becomes absorbed light 
56. 

[0028] EM Industries material BL-94 and BL-95 were 
dispersed in a solution containing de-ionized photo- 
graphic gelatin to create individual domains having a 
particle size of between 1 and 10 microns. The two ma- 
terials are chemically similar other than their comple- 
mentary polarities of light reflection. A first sheet was 
created having a 9 micron thick layer or coating of BL- 
94 in deionized gelatin on an ITO coated mylar sub- 
strate. Second conductive coating 40 was a sputtered 
overcoat of platinum-oxide. 

[0029] A second sheet was created having a 4.5 mi- 
cron coatings of BL-94 in deionized gelatin and BL-95 
in deionized gelatin to form a combined 9 micron thick 
coating. A second conductive coating 40 was created 
by sputtering an overcoat of platinum-oxide over the 
second sheet. The two sheets were written into a reflec- 
tive state and the reflection density measured. The 9 mi- 
cron thick coating of a BL-94 had a reflective density of 
0.12. The dual layer coating having the same 9 micron 
thickness had a reflection density of 0.16. The experi- 
ment demonstrated the improvement in reflectivity of a 
dual layer of polymer dispersed liquid crystal having op- 
posing reflective polarity. 

[(N)30] FIG 3A is an isometric view of a sheet 10 in 
accordance with the present invention. Second conduc- 
tive coating 40 is a black cmductive layer in stripes 
across sheet 10 in a first direction orthogonal to a sec- 
ond set of traces in transparent electrically conductive 
layer 32. FIG. 3B is a sectional view of sheet 10 in FIG. 
3B, having a signal (el -e2) applied across a pair of trac- 
es from each of the two electrically conductive layers 
permits operation on a given pixel 60. Two layers of chol- 
esteric material having opposing reflective polarity have 
been disposed between second conductive coating 40 
and transparent, electrically conductive layer 32. Appli- 
cation of an electrical field can write pixel 60 between a 
reflective and transmissive state. In the transmissive 
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The light modulating, electrically responsive sheet 
of claim 1 wherein said light modulating, electrically 
responsive layers include a photographic gelatin 
having a light modulating material in the gelatin. 

The light modulating, electrically responsive sheet 
of claim 3 wherein the gelatin is deionized photo- 
graphic gelatin. 
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mode, the pixel 60 appears black due to the light ab- 
sorption characteristics of second conductive coating 
40. The layers of reflective cholesteric material of op- 
posing polarity improve the brightness of pixel 60 over 
the reflectivity of a similar pixel of same thickness of 
cholesteric material having only a single polarity. 

PARTS LIST 



Claims 



A light modulating, electrically responsive sheet 
comprising: 

35 

(a) a transparent substrate; 

(b) a transparent, electrically conductive layer 
formed over the transparent substrate; and 

(c) a plurality of light modulating, electrically re- 
sponsive layers, each formed of polymer with 40 
a dispersion of cholesteric liquid crystal mate- 
rial controllable between a first, light reflecting 
state and a second transparent state formed 
over at least a portion of the transparent, elec- 
trically conductive layer and each layer being 45 
operative in a different state so as to be able to 
transmit or reflect light in response to differently 
applied electric fields. 

The light modulating, electrically responsive sheet so 

of claim 1 wherein: 

(a) at least one of the light modulating, electri- 
cally responsive layers has a state that reflects 
light of a first polarity; and 55 

(b) at least of the light modulating, electrically 
responsive layers has a state that reflects light 
of a different polarity than the first polarity. 
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